Abstract. Copolymers of racemic β-butyrolactone ((R,S)-BL) and ε-caprolactone (CL), were synthesized by ring-opening polymerization initiated by sodium hydride (NaH). The initiator exhibited a satisfactory catalytic activity, producing copolymers whose yields are greatly influenced by the feed monomer ratio, CL/BL. All polymers obtained were characterized by nuclear magnetic resonance (NMR), gel permeation chromatography (GPC), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and wide angle X-rays scattering, WAXS. The molar composition of copolyesters determined by 1 H-NMR spectra, showed that the incorporation of CL is favoured over the incorporation of (R,S)-BL. Gel permeation chromatography and 13 C-NMR spectra indicated that CL/BL copolymers had block sequence distribution. The TGA analysis of copolymers showed that these copolymers are stable up to temperatures near 200°C, followed by a decomposition process in two steps; the first one is attributed to the (R,S)-BL block degradation and the second to the remaining PCL block. The crystallization process of these copolymers was studied by DSC and WAXS showing that the amorphous (R,S)-BL segments chains did not affect the crystallinity of the PCL blocks.
Introduction
Biodegradable polymers have received much attention as materials for medical applications [1] [2] [3] . Linear aliphatic polyesters such as poly(glycolide) (PGL), poly(lactide) (PLA), poly(β-butyrolactone) (PBL) and poly(ε-caprolactone) (PCL) and their co-and terpolymers are the most popular bioabsorbable polymers. Because of the wide range of applications in biomedicine, it is necessary for the polyesters to present different mechanical and physical properties to adjust the adequate time of their degradation; in this sense copolymerization constitutes an attractive mean for modulating the basic properties of each homopolymer [4] [5] [6] . In particular, block copolymerization may offer a broader spectrum of mechanical and degradation properties in order to meet the demands of a larger number of applications. Blocks with different physical properties, for example, a soft, amorphous segment together with a hard semicrystalline one, can be used to modulate the thermal and mechanical material behaviour [4, [7] [8] [9] . The mechanical properties can be controlled by the hard/soft segment ratio [7] and copolymers with various morphologies such as solid, pasty and waxy states, can be obtained according to the monomer composition [6, 10] . The soft phase provides elasticity and the degradation behaviour, whereas the rigid phase gives mechanical strength and also acts as a physical crosslinker [6] . Polymerization of racemic monomer (R,S)-β-butyrolactone ((R,S)-BL) has given an atactic poly (R,S)-(β-butyrolactone) ((R,S)-PBL) with elastomeric properties because of its low crystallinity [7, 11, 12] . However, for its applications as biodegradable elastomer, it is necessary to decrease their creep behaviour. This has been done by the introduction of a biodegradable hard segment, by means of the successive ring-opening polymerization of (R,S)-BL and L-lactide [7] or ε-caprolactone [8, 13] . The resultant block copolymers, consisting of (R,S)-PBL as the soft segment and PLLA or PCL as the hard segment, could be the biodegradable thermoplastic elastomer. On the other hand, the choice of a proper initiator is another important parameter in the synthesis of polyesters. Many effective catalysts based on tincompounds, have been employed for this purpose [4, 7, 8, [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, many are relatively toxic and impossible to remove completely from the synthesized material, this being undesirable for pharmaceutical or biomedical applications [2, 6] . Therefore, several attempts to use a catalyst based on much less toxic metal compounds are being undertaken [2, 6, 11, [22] [23] [24] [25] [26] [27] . The anionic polymerization of β-butyrolactone had been widely studied [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , and in general polymers with low molecular weight were obtained. Relatively low toxic alkali metal hydrides are among the initiators used for this purpose [27] , nevertheless, they have not been used so far for the synthesis of copolymers of (R,S)-BL and CL. It is for this reason that the possibility of utilizing sodium hydride as the initiator of the copolymerization of (R,S)-BL and CL is undertaken in this work.
2. Experimental 2.1. Materials ε-caprolactone (CL) and racemic β-butyrolactone ((R,S)-BL) (from Aldrich) were dried over calcium hydride for 24 h at room temperature an then distilled under reduced pressure in a nitrogen atmosphere prior use. Sodium hydride (from Aldrich) was used as received.
Polymerization procedure
CL and (R,S)-BL were polymerized in bulk using sodium hydride (NaH) as initiator, in a glass reactor equipped with magnetic stirring bar. The reactors were charged with the previously established amounts of initiator, CL and (R,S)-BL under nitrogen atmosphere, in a dry-box. The sealed reaction vessels were placed into an oil bath preheated at 70°C, for the duration requested. The resultant polymeric products were washed by ethylic ether several times in order to separate (R,S)-(butirolactone) oligomers from the copolymer. Finally, the copolymers obtained were dissolved in chloroform, filtered in order to eliminate the traces of remaining initiator and precipitated into an excess amount of methanol. The precipitated products were then separated by filtration and thoroughly dried at 50°C in vacuum.
Characterization
1 H-NMR and 13 C-NMR spectroscopy was carried out with a Bruker AVANCE DRX 400 Spectrometer. CDCl 3 was used as solvent for the NMR measurements. The GPC measurements were carried out with THF as the eluent using a Waters chromatograph, model 150CV, operated at 40°C and equipped with three columns connected in series and packed with Ultrastyragel 10 3 , 10 4 and 10 5 . Calibration was performed with polystyrene standards with a narrow molecular weight distribution. Thermogravimetric curves were obtained in a Perkin-Elmer TGA 7, from a heating scan of a sample of about 10 mg from 25 to 500°C, at 10°C/min under a nitrogen atmosphere. Thermal volatilization analysis (TVA) was carried out in a vacuum line heating the samples of about 100 mg from room temperature to 270°C during 30 minutes under a moderate primary vacuum. Volatile fractions were condensed at room temperature and analyzed by IR and 1 H-NMR. DSC measurements were carried out with a PerkinElmer DSC-7, the sample mass was 10-15 mg and the heating rate was 10°C/min. Wide angle X-ray scattering (WAXS) experiments were performed in an Analytical X'Pert Pro automatic horizontal θ-θ axis diffractometer with an X'celerator detector, using CuK α -Ni filtered radiation. The excitation voltage was 45 kV and the tube current 40 mA. Spectra were taken at temperatures ranging from 25 to 70°C in an Anton PAAR Variable Temperature Attachment with the scattering angle 2θ varying from 3 to 50°.
Results and discussion 3.1. Synthesis of the copolymers
Among the initiators used in anionic polymerization of BL are the alkali metal hydrides, which give rise to polymers with low yield and low molecular weight [27] . However, to the best of our knowledge, there are no literature reports in which these have been used to start the copolymerization of BL and CL. Results of the copolymerization of a mixture of BL and CL using NaH as the initiator are presented here. All copolymerizations of CL and (R,S)-BL were conducted in bulk with sodium hydride (NaH) as initiator. The effect of monomer to initiator (M/I) molar ratio of on the copolymerization was first examined. As may be seen in Table 1 , above M/I = 20 (exp. 3 and exp. 4), no polymer formation was observed even after 72 hours. This fact can be attributed to the copolymerization rate which is suppressed due to a small amount of initiator [24, 25] . Also, the results reported in Table 1 show that for M/I = 4 and 20 the conversion of monomers to copolymer decreases with the increase of M/I; CL content in copolyesters is higher than in (R,S)-BL. Taking into account that for M/I = 20 (exp. 2) the product was a stiff white solid, while for M/I = 4 (exp. 1) it was a softer solid, it may be suggested that the molecular weight increases with the content of CL in the copolymers, which increases with molar ratio M/I. On the basis of these results, subsequent polymerizations were carried out at M/I = 20. The effects of feed ratio on the copolymerization is shown in Table 2 using a constant relation M/I = 20, at 70°C, for 96 h. There it can be seen that the proportion of butyroyl units in the copolymers is quite constant regardless the feed ratio; in addition, its content is lower than expected from the feed ratio for (R,S)-BL feed content up to 40 mol% (exp. 6 to exp. 8), while for contents lower that 40 mol% (exp. 9 and exp. 10) the instantaneous composition of the copolymers (FCL/FBL) is nearly equal to the monomer feed composition. On the other hand, the increase of CL in the feed mixture raises the copolymers yields. This is consistent with the results of homopolymerization of CL and (R,S)-BL (exp. 11 and exp. 5, respectively), in which CL polymerization is much faster than that of (R,S)-BL. In general, the molecular weight of the copolymers obtained tends to increase with F CL , and this could be due to the fact that the molecular weight of the PCL homopolymer is higher than that of the (R,S)-PBL homopolymer (exp. 11 and exp. 5, respectively). These results are in agreement with the fact the anionic polymerization of (R,S)-BL leads to low yield and chains of a relatively low molecular weight [27] [28] [29] [30] [31] [32] [33] . Figure 1 displays the GPC chromatograms of the obtained polymers. There it can be noted that the curves show a monomodal pattern which indicates that the polymerization product is a true copolymer not contaminated by PCL and (R,S)-PBL.
Structural analysis of copolymers:
Analysis of copolymer microstructure was performed by means of NMR spectroscopy. The typical 1 H-NMR and 13 C-NMR spectra copolymer of CL with BL are shown in Figure 2 . The assignments of the peaks were made according to previous results [24, 25, 32] . It can be noted that the copolymers spectra show signals of both homopolymers. The resonances at δ = 1.8 ppm, δ = 5.8 ppm and δ = 6.8 ppm observed in the 1 H-NMR spectrum, can be attributed to the presence of a crotonyl end-group [32] ; this group is formed at the initiation step of the polymerization where the α-proton abstraction of the (R,S)-BL could occur resulting in the salt of the unsaturated carboxylic acid as propagating species of reaction, as shown in Figure 3 [27, 33] . To determine the comonomer sequencing (random or in block), the most convenient spectrum range is the corresponding to carbonyl carbon [10, 13, 41] . The expanded 13 C-NMR spectrum of the carbonyl (CO) region of the copolymer shown in Figure 2 indicates the formation of a diblock, because the two CO signals of the blocks BL-BL and CL-CL are strong, whereas the signals of the BL-CL and CL-BL sequences are absent [6] . The CO signal of BL-BL sequences exhibits a splitting resulting from isotactic and syndiotactic dyads [13, 41] . This result may be explained, taking into account the higher strain in bond angle in the (R,S)-BL with respect to CL; this could facilitate in the medium of reaction the occurrence as first step the anionic polymerization of (R,S)-BL via carboxylate anions as propagating species, leading to blocks of PBL of a relatively low molecular weight [27] [28] [29] [30] [31] [32] [33] . The latter could then initiate the polymerization of CL trough alkoxide anions as propagating species leading to blocks of PCL of a relatively higher molecular weight [5, 23] .
Thermal properties of the obtained copolymers 3.3.1. Thermogravimetric analysis (TGA)
Thermal stability was evaluated by TGA and traces of most of the polymers are shown in Figure 4 where it may be observed that the PCL is significantly more stable than the PBL and the degradation of both polymers occurs in a single stage. On the other hand, the PCL-block-(R,S)-PBL copolymers exhibit an intermediate stability between both homopolymers and their stability increases with the content of CL. In addition, these copolymers show two stages of degradation where the first one corresponds to a weight-loss comparable to the fraction in weight of the PBL in the copolymer as may be observed in Table 3 each step, and the composition of the copolymers suggest that the first step can be essentially attributed to the degradation of (R,S)-PBL moiety and the second one to the remaining PCL fraction.
On the other hand, the analysis by TVA was carried out to examine the volatiles produced during the degradation process. The degradation products were analyzed by 1 H-NMR. Figure 5 depicts the spectra of volatile fraction produced during the first degradation stage, in the range of 120 to 270°C, and it shows appreciable quantities of crotonic acid, which is well known to be one of the main degradation products of PBL, together with low molecular weight fractions of the (R,S)-PBL having crotonyl end groups [28, [42] [43] [44] [45] . Additionally, the NMR spectra of the solid residue were identical to the PCL homopolymer ( Figure 6 ). These results confirm those obtained by TGA, which indicated that thermal degradation involves the occurrence of two distinct processes. The first one mainly involves the degradation of (R,S)-PBL block for which it has been proposed a random chain scission by β-elimination [43, 44] or an E1cB mechanism proceeding via α-deprotonation by carboxilate anion [45] , both alternatives lead the same products: crotonic acid and oligomers with a crotonate end group [28, [42] [43] [44] [45] . The second process is due to the degradation of the remaining PCL block.
Differential scanning calorimetry (DSC) and Wide angle X-ray scattering WAXS
In order to study the effect of the (R,S)-PBL blocks in the crystallization of PCL on the copolymer a combined study of DSC and WAXS was carried out.
In the DSC study all copolymers were first heated from -40 to 120°C to erase thermal history and subsequently cooled to -40°C and heated back to 120°C. Analyses are based on first cooling and second heating and the resulting thermograms are plotted in Figure 7 . The transition temperatures values are listed in Table 4 . It can be observed in Figure 7A , that, as expected, the (R,S)-PBL do not show any exothermal peak, whereas the PCL shows one at about 33°C; for the copolyesters the peak moves towards lower temperatures when the butyroyl units content increases. This could be indicating that the (R,S)-PBL segment in the copolyesters may hinder crystallization of the PCL segment as their crystallization needs greater undercooling during the crystallization process. On the other hand, the DSC heating curves ( Figure 7B ), for (R,S)-PBL homopolymer doesn't show any melting endotherms, whereas the PCL exhibit a melting endotherm at about 55°C. The copolyesters display endotherms very close to the melting temperature of PCL homopolymer and the melting enthalpies of these are not influenced by the (R,S)-PBL content; they remain about 63 J·g -1 . Additionally, the most striking feature in Figure 7B is that all the DSC melting traces of the copolyesters show bimodal melting peaks, whereas the DSC melting curve of PCL only reveals a single peak in the absence of (R,S)-BL. In general, these peaks are attributed to a crystalline reorganization via melting, re-crystallization and re-melting at higher temperature [8, [46] [47] [48] .
The lower temperature peak in DSC curves corresponds to the melting of unstable crystals formed during the cooling process due a (R,S)-PBL block in the copolymer. The slight shift of the melting peak to lower temperatures with increased (R,S)-BL content, suggests that crystals with lower thermal stability had been formed [46] . The higher temperature peak should be attributed to crystals recrystallized during the DSC heating process [8, 48] . The DSC results were confirmed by WAXS experiments carried out for some PCL-block-(R,S)-PBL copolymers at different temperatures. In Figure 8 the X-ray diffraction patterns of PCL-block-(R,S)-PBL, 80/20, recorded at different temperatures are shown. At 45°C the diffractograms are identical to those obtained at room temperature. In Figure 8a , the Bragg peaks characteristic of the orthorhombic PCL crystals [49] (Space group P2 1 2 1 2 1 , a = 7.496 Å, b = 4.974 Å, c = 17.297 Å) are observed together with broad bands which correspond to the scattering by disordered regions. At 60°C (Figure 8b ) the amount of crystalline regions has decreased significantly and the spectrum recorded at 70°C show a total absence of crystalline order, the sample is 100% amorphous as revealed by the sole presence of broad amorphous halos. These results confirm the DSC determinations and show that the melting peaks are due to the PCL blocks whose behaviour is not affected by the presence of PBL blocks. This behaviour is to be expected as the blending [50, 51] or copolynerization of PCL [52] with a broad variety of homopolymers have always preserved the crystralline strcture of PCL.
Conclusions
Copolymers of CL/(R,S)-BL could be synthesized by ring-opening copolymerization using NaH as initiator. NMR spectroscopic analysis show block sequences in these copolyesters, in which the content of (R,S)-BL units was in all cases lower than expected from the feed ratio; its proportion in the copolymers is almost constant regardless of the feed ratio. This indicates that in the reaction mixture, the first stage polymerization could consist of BL, thus obtaining relatively short chain segment of PBL with active carboxylate ions which subsequently induce the polymerization of CL via alkoxide ion producing chain segment PCL relatively longer. The catalyst concentration and the monomer feed ratios had strong effects on yield, while the molecular weights do not depend significantly on the feed ratio. The thermal stability of the prepared copolymers studied by TGA and TVA showed that they are stable up to temperatures near 200°C, when the decomposition process begins in two steps, the first one due to the (R,S)-BL block degradation and the second to the remaining PCL block. The DSC and WAXS results indicate that the copolymers contain one cristallizable block of PCL, which crystallization and melting behaviors are slightly affected by composition. 
